An outbreak of Streptococcus uberis mastitis was described to gain insight into the dynamics of Strep. uberis infections at a herd level. Data were obtained from a longitudinal observational study on a commercial Dutch dairy farm with good udder health management. Quarter milk samples for bacteriological culture were routinely collected at 3-wk intervals from all lactating animals (n = 95 ± 5). Additional samples were collected at calving, clinical mastitis, dry-off, and culling. During the 78-wk observation period, 54 Strep. uberis infections were observed. The majority of infections occurred during a 21-wk period that constituted the disease outbreak. The incidence rate was higher in quarters that had recovered from prior Strep. uberis infection than in quarters that had not experienced Strep. uberis infection before. The incidence rate of Strep. uberis infection did not differ between quarters that were infected with other pathogens compared with quarters that were not infected with other pathogens. The expected number of new Strep. uberis infections per 3-wk interval was described by means of a Poisson logistic regression model. Significant predictor variables in the model were the number of existing Strep. uberis infections in the preceding time interval (shedders), phase of the study (early phase vs. postoutbreak phase), and prior infection status of quarters with respect to Strep. uberis, but not infection status with respect to other pathogens. 
INTRODUCTION
Streptococcus uberis is a widely occurring causative agent of mastitis in modern dairy herds. It is responsible for the majority of clinical and subclinical cases of mastitis in New Zealand (McDougall, 1998) and the United Kingdom (Hillerton et al., 1993) , and ranks among the most prevalent causes of mastitis in the United States (Hogan et al., 1989a ) and the Netherlands (Barkema et al., 1998) . Progress has been made in the control of Streptococcus agalactiae, Streptococcus dysgalactiae, and Staphylococcus aureus mastitis, but there has been little reduction in the incidence of Strep. uberis mastitis over the past 30 yr (Leigh, 1999) .
Streptococcus uberis, like Escherichia coli, is considered to be an environmental pathogen (Radostits et al., 1994) . The primary reservoir of environmental pathogens is the dairy cow's environment, and exposure of uninfected quarters to environmental pathogens can occur at any time during the life of a cow (Smith et al., 1993) . In contrast, the primary reservoir for contagious mastitis is the cow, and exposure of uninfected mammary quarters to contagious pathogens is restricted to the milking process (Radostits et al., 1994; Smith et al., 1993) .
Diseases that are transmitted through individual-toindividual contact, such as contagious mastitis, can be described by a mathematical model called the ReedFrost model. This model assumes that the probability of infection for a susceptible individual depends on the number of infectious individuals to which it is exposed (Becker, 1989) . For other disease agents, the probability of infection depends on characteristics of the susceptible individual and its environment, as is assumed to be the case for environmental mastitis pathogens. In this situation, the probability of exposure does not depend on the number of infectious individuals. A Greenwood model describes this in mathematical terms (Becker, 1989) . Comparison of the output of mathematical models with observational data can be used to understand the mode of transmission of infectious agents (De Jong, 1995) .
Mathematical models can also be used to compare the susceptibility of groups with specific characteristics, such as the absence or presence of other pathogens or a history of prior infection (Halloran, 1998; Lam et al., 1996) . Minor pathogens were shown to reduce the risk of IMI with Strep. uberis (Lam, 1996) . However, other studies indicated an increased risk of infection with environmental pathogens in quarters infected with minor pathogens (Hogan et al., 1988) . Recovery from Strep. uberis IMI conferred protection against subsequent reinfection in experimental studies (Hill, 1988) .
The purpose of this paper is to describe the dynamics of an outbreak of Strep. uberis mastitis with mathematical models. Susceptibility of quarters without a history of Strep. uberis infection is compared with susceptibility of quarters that recovered from Strep. uberis infection, and the susceptibility of uninfected quarters is compared with susceptibility of quarters infected with other pathogens. Finally, fit of a model that assumes the number of new infections to be a function of the number of existing infections is compared with a model that assumes the number of new infections to be independent of the number of existing infections.
MATERIALS AND METHODS

Data Collection
Data were obtained from a longitudinal observational study (from June 1997 to December 1998) in a commercial Dutch dairy herd. Cows were mainly Holsteins, partly cross-bred with Dutch Friesians or Meuse-RhineYssel cows. In winter, animals were housed in a freestall barn with a concrete slatted floor and cubicles with wood shavings as bedding material. Lactating cows were on pasture during summer. Cows were milked twice daily in a two × four open tandem parlor. Milking hygiene included regular monitoring of milking machine function, use of individual paper towels and, at the start of the study, postmilking teat disinfection. Predipping was not practiced, as it is illegal in the Netherlands. Blanket dry cow treatment was used, as had been herd practice for a number of years.
Quarter milk samples were collected every 3 wk from all lactating animals (n = 95 ± 5), using aseptic technique. Additional quarter milk samples were collected by the farmer at calving (prior to first contact with the milking machine), dry-off, culling, and in the case of clinical mastitis (any visual abnormality of milk or udder, with or without systemic signs of disease). Samples
Journal of Dairy Science Vol. 84, No. 3, 2001 were stored at −20°C until processing. Within 3 wk of collection, 0.01 ml of milk was cultured and bacterial species were identified according to National Mastitis Council standards (Harmon et al., 1990) . Colony counts were recorded for each bacterial species. Up to 10 cfu per plate, all colonies were counted, while higher counts were categorized as 11 to 50 cfu/plate, 51 to 200 cfu/ plate, or >200 cfu/plate. Preliminary identification of Strep. uberis was based on colony morphology and aesculin hydrolysis on Edward's medium. Cultures were confirmed as Strep. uberis using the API 20 Strep system (Leigh, 1999) . Shedding levels of Strep. uberis during the pre-outbreak and outbreak part of the observation period (early phase) were compared with shedding levels during the postoutbreak period (late phase) by means of a chi-square test (Statistix, 1998) .
Definition of Infection and Reinfection
A quarter was considered to have an IMI when ≥1000 cfu/ml of a pathogen (major or minor) were cultured from a single sample, when ≥500 cfu/ml of a pathogen were cultured from two out of three consecutive milk samples, when ≥ 100 cfu/ml were cultured from three consecutive milk samples, or when ≥ 100 cfu/ml were cultured from a clinical sample. Samples containing more than three bacterial species were considered contaminated and were not informative of IMI status. A previously infected quarter was considered recovered from IMI for a species if none of the above definitions were met and the sample was free of the pathogen (Barkema et al. 1998; Roberson et al., 1994 ; with slight modifications).
Based on IMI status, quarters were classified as belonging to one of six compartments in a compartmental model (Figure 1 ). Categorization was repeated each time samples were obtained. Quarters that were not infected with any pathogen and that had not been infected with Strep. uberis at any stage during the study were classified as "uninfected." Quarters infected with Strep. uberis only were called "infected." Quarters that were not currently infected with any pathogen but had been infected with Strep. uberis earlier in the study were considered "recovered-uninfected." Quarters infected with any pathogen other than Strep. uberis were called an "other pathogen" infection if infection with Strep. uberis had not been observed at any point during the study. Quarters with mixed infection of Strep. uberis and other intramammary pathogens were termed "infected, including other pathogens." Quarters that were infected with pathogens other than Strep. uberis, but had recovered from Strep. uberis IMI, were considered "recovered and infected with other pathogens." The upper level of Figure 1 represents quarters that were last negative and first positive sample was taken as starting point, and the midpoint between last positive and first negative sample was taken as endpoint of IMI. The terms "positive" and "negative" sample refer to IMI status of the sample.
Comparison of Incidence Rates
Incidence rates (IR) were calculated as the number of new IMI per quarter-day at risk (Barkema et al., 1998 , Hogan et al., 1988 . When no IMI were observed in a group of quarters, the highest incidence rate that is compatible with this observation was calculated as (Hanley et al., 1983) :
with α = probability of type 1 error n = number of observations To compare all quarters never infected with Strep. uberis to all recovered quarters, incidence rate in compartments denoted as U 1 (top row in Figure 1 ), was contrasted to incidence rate in compartments denoted as R (bottom row in Figure 1 ). To compare all quarters infected with other pathogens to all quarters without other pathogens, the incidence rate in compartments denoted as OP (right hand column in Figure 1 ) was contrasted to the incidence rate in compartments denoted as U 2 (left hand column in Figure 1 ). Incidence rates were compared between compartments as described by Greenland and Rothman (1998) using a twosided test. This statistical analysis of incidence rates assumes an underlying Poisson probability model. To assure validity of the Poisson model, the distribution of incidence data (number of new IMI) was examined with BestFit (1993) . When the distribution of number of new IMI was overdispersed, statistics for significance testing were deflated by the square root of the overdispersion factor (Cameron et al., 1998) .
Regression Analysis
The probability of transmission of a disease can be expressed in transmission parameter β, the probability per unit of time that an infectious quarter will infect a noninfected quarter. Values for β can be estimated from De Jong's modification of a model originally described by Becker (De Jong, 1995 Because incidence data (number of new IMI) are count data, a Poisson regression model was used for analysis (Cameron et al., 1998) . Values for β i were estimated by a modification of the generalized linear model with loglink and Poisson error described for Staph. aureus by Lam et al. (1996) :
[3] + θ 2 * y + θ 3 * U m + θ 4 * y * U m with ε = expected value, IMI = number of new infections in susceptible compartment, β′ = transmission parameter for model with ln(S/N) as offset, S = size of susceptible compartment expressed in quarterdays at risk, N = size of total population expressed in quarterdays lactating, θ i = regression parameters, I = exposure expressed in quarterdays infected in preceding time interval, y = dummy variable for phase (y = 0 for early phase, y = 1 for late phase), U m = dummy variable for compartment U 1 vs. R (m = 1) or U 2 vs. OP (m = 2), and θ 4 * y * U m = interaction term for compartment and phase.
At first, ln(S/N) was used as model offset. If ln(I) was found to be a significant predictor variable, ln(S*I/N) was used as model offset, replacing ln(S/N) + θ 1 * ln(I), and ln(β′) was replaced by ln(β i ) in model [3] . In this model, infected quarters were assumed to be infectious, as the definition of infection was based on shedding of the bacteria of interest. The mastitis outbreak reported by Lam et al. (1996) was best described by a model that stratified the analysis by start ("outbreak") versus remainder ("steady state") of the observation period. Therefore, a variable for phase of study was included in model [3] . To determine the starting point of the late phase for the Strep. uberis outbreak described here, models were fitted with each possible sampling interval as start of the postout- break period. Models with lowest deviance were considered the best models.
The model was run to compare compartments U 1 to R and U 2 to OP, respectively. Compartment sizes were expressed in number of quarter-days at risk. Significance of predictor variables in the regression analysis was declared at α = 0.01. A conservative level was chosen because the correlation between repeated observations (quarters within cow) could not be corrected for. Analysis was performed using statistical software (Statistix, 1998) .
RESULTS
Descriptive Results
A total of 11,932 quarter milk samples were obtained, out of which 686 were collected at calving, 263 from cows with clinical mastitis, 526 at dry-off, 146 at culling, and 91 as extra samples before treatment of subclinical IMI with antibiotics. Samples were missing for eight cows at calving, and for 17 cows at culling. Cows with a blind quarter did occur (n = 10). Eighty-eight samples were excluded from the analysis because of contamination (0.2% of all samples).
During the 18-mo observation period, 39 new Strep. uberis infections and seven reinfections were observed in lactating animals, and four infections were observed in quarters at calving (Figure 2 , Appendix 1). The majority of cases occurred in a limited time interval, covering sampling intervals 9 through 15 (from November 1997 to April 1998). This 21-wk period is called the outbreak period. Six weeks after the outbreak had ended, at sampling 18, most infected animals (10 out of 14) were separated from uninfected animals, and infected animals were treated with antibiotics. Treated animals were added to the main herd again at sampling number 20, irrespective of bacteriological cure. Infections with Strep. uberis were observed in uninfected quarters, in quarters infected with other pathogens and in recovered quarters infected with other pathogens (seven reinfections in six quarters from five cows), but not in recovered-uninfected quarters (Appendix 1). With 1315 recovered-uninfected quarter-days at risk, the 99% confidence interval for the maximum risk of infection per recovered-uninfected quarter-day at risk (maximum incidence rate) is 0 ≤ IR ≤ 0.0035. Incidence rates for compartments U 1 , R, U 2 , and OP are shown in Table 2 .
Infected quarters that were present at the start of the study (n = 4) did not contribute to incidence, but did contribute to prevalence of infection. The prevalence of infection, expressed in number of infected quarterdays (with or without other pathogens) as a proportion of the total number of lactating quarter-days per sampling interval, is included in Figure 2 .
Shedding levels did not differ between early (interval 1 to 15) and late phase (interval 16 to 26) of the observation period (shedding levels ≤10, 11 to 50, 51 to 200, and >200 cfu/ml; χ 2 = 2.72, P = 0.44).
Other Pathogens
Infections with other pathogens were predominantly caused by corynebacteria (81.9% of IMI with other pathogens) and coagulase-negative staphylococci (26.0%). Other minor pathogen infections (enterococci, Bacillus spp., non-dysgalactiae and non-uberis streptococci, micrococci) and major pathogen infections (Streptococcus dysgalactiae, Escherichia coli, Staphylococcus aureus, Arcanobacterium pyogenes) accounted for 1.7 and 3.1% of other pathogen-infected samples, respectively. Total of percentages adds up to more than 100% because mixed infections occurred in 13.1% of samples from quarters infected with other pathogens. Streptococcus agalactiae was never isolated.
Comparison of Incidence Rates
Incidence data (number of new IMI in each time interval) for compartments U 1 and OP were best described by a negative binomial distribution or a geometric distribution. Incidence data for compartments R and U 2 were adequately described by a negative binomial, geometric, or Poisson distribution. Distribution parameters and overdispersion factors are shown in Table 1 . Overdispersion factors for U 1 and OP were used to deflate statistics for significance testing.
Incidence rate (number of new IMI per quarter-day at risk) in quarters that had recovered from Strep. uberis infection was 7.5 times as high as incidence rate in quarters that had never experienced Strep. uberis infection (P < 0.001, Table 2 ). Incidence rate in quarters infected with other pathogens was 1.3 times as high as incidence rate in quarters that were not infected with other pathogens. The difference was not significant (P > 0.2, Table 2 ).
Regression Analysis
Model deviance was calculated with a range of starting points for the postoutbreak period in model [3] . Model fit was best when the late phase started at sampling interval 16, both when contrasting U 1 to R and when contrasting U 2 to OP.
For comparison of compartments U 1 and R, phase of study was a significant predictor variable. Other significant predictor variables were compartment of origin Three out of four infections in nonlactating animals were detected in heifers at calving. Number of quarter-days at risk for heifers was unknown. Hence, infection rate was not calculated. Infections in nonlactating animals were not included in any of the mathematical models described in this paper.
and number of quarter-days infected in the preceding 3-wk interval (Table 3) . The interaction between compartment and phase of study was not significant and was omitted from the model. Although raw data were overdispersed, modeled data could be described by a Poisson distribution (deviance 61.46, P = 0.06, df = 46).
For comparison of U 2 and OP, phase of study and number of quarter-days infected during the preceding Table 3 . Estimates, standard errors, and P-values for ln(β′) and regression coefficients of explanatory variables in Poisson logistic regression model ε [ln(IMI)] = ln(β′) + ln (S/N) + θ 1 * ln(I) + θ 2 * y + θ 3 * U m where ε = expected value, IMI = number of new infections with Streptococcus uberis in current time interval, β′ = transmission parameter for model with ln(S/N) as offset, S = number of quarter-days susceptible in current time interval, N = total number of quarter-days in current time interval, I = number of quarterdays infected in preceding time interval, y = dummy variable for phase (y = 0 for early phase, y = 1 for late phase), U m = dummy variable for compartment (U m = 0 for R or OP, U m = 1 for U 1 or U 2 ) and θ i = regression coefficient.
Model
Parameter Table 4 .
DISCUSSION
In this paper we describe an outbreak of Strep. uberis mastitis. Susceptibility of groups or compartments of quarters at risk is compared with the use of mathematical models. In addition, the hypothesis is tested that a model that includes number of infected quarters as predictor variable (Reed-Frost model) describes the outbreak better than a model that does not include this factor (Greenwood model).
Quarters of a cow were treated as independent units. Exposure to infected quarters within the same cow can be considered of minor importance, because proportions of new IMI resulting from cross-infections between quarters of one cow are small compared with new IMI resulting from transmission between cows (Baxter et al., 1992; McDougall, 1998) . Quarters within a cow are clustered with respect to exposure to sources outside the cow itself and with respect to susceptibility to infection. Barkema et al. (1997) provide pathogen-specific estimates for correlation of quarters within cows, and give examples of how to correct for this correlation in clinical trials and cross-sectional prevalence studies. This correction does not apply to regression analysis of incidence data in longitudinal studies. As an alternative to analysis of data at quarter level, analysis at cow level has been considered. This alternative would not allow for classification of cows as belonging in one compartment only, because infection status may differ per quarter. Therefore, we preferred analysis at quarter level.
Number of new IMI with Strep. uberis varied over time, with zero cases during the first months of the study period, and high numbers during an outbreak that lasted 21 wk. Although no IMI with Strep. uberis were observed in recovered quarters that were not infected with other pathogens, the 99% confidence interval for incidence rate in this group covers the observed incidence rates for compartments U 1 , R, U 2 , and OP. Hence, it cannot be concluded that recovered uninfected quarters are fully resistant to reinfection. Incidence rates of Strep. uberis IMI in our study (number of new IMI per quarter-day at risk) were in the same range as incidence rates reported by Todhunter et al. (1995) and Hogan et al. (1988) for environmental streptococci and by Barkema et al. (1998) for clinical Strep. uberis mastitis.
Based on comparison of incidence rates and on transmission parameters for transmission to uninfected (U 1 ) and recovered quarters (R), it is concluded that susceptibility of quarters that recovered from Strep. uberis infection is higher than susceptibility of quarters that never experienced Strep. uberis infection. Hill (1988) described reduced susceptibility to infection after previous exposure to Strep. uberis in an experimental situation. The same strain of Strep. uberis was used for primary and subsequent infections. Finch et al. (1997) demonstrated that vaccination was less effective against strains other than the immunizing strain. The difference between Hill's findings and our study may be a result of differences in bacterial strains, in cow susceptibility or in study type. Use of quarter-days at risk as denominator in incidence calculations does not take into account that repeated observations within a quarter over time are correlated. Some cows or quarters may be more susceptible to IMI than others. This effect can be more pronounced in compartment R than in compartment U 1 , because the number of quarter-days at risk in compartment R is smaller. However, use of person-time at risk is routine practice in epidemiology (Greenland et al., 1998) , and comparison of incidence rates for mastitis pathogens is usually based on time at risk expressed in cow-days or quarter-days (Hogan et al., 1988; Lam et al., 1996; Todhunter et al., 1995) . Despite its shortcomings, we therefore consider the calculation of incidence rates justified. Poor sensitivity of bacterial culture is an issue when dealing with detection of Staph. aureus. For isolation of Strep. uberis poor culture sensitivity is hardly ever reported as a problem. Because of that, and because all quarters yielded at least two Strep. uberis negative samples before reinfection was observed, it is unlikely that apparent reinfections were a result of persistent infections that went undetected in the period between Strep. uberis isolations.
The majority of infections in the study herd that were not caused by Strep. uberis were attributable to corynebacteria and coagulase-negative staphylococci. Those species are commonly grouped under the collective denominator "minor pathogens" (Radostits et al., 1994) . In our analysis, minor pathogens and the small proportion of major pathogens other than Strep. uberis were all treated as one group. When comparing quarters that were not infected with other pathogens (U 2 ) to quarters infected with other pathogens (OP), no difference in incidence rate or transmission parameters was detected for Strep. uberis. Lam (1996) found the same result for quarters infected with Staphylococcus species, but observed a decreased risk of Strep. uberis IMI in quarters infected with Corynebacterium bovis. Hogan et al. (1988) found the rate of environmental streptococcal mastitis to be significantly higher in quarters infected with Corynebacterium bovis or Staph. spp. compared with uninfected quarters. An explanation for the discrepancy between results obtained from different studies could be the fact that Lam used a matched casecontrol analysis, comparing quarters within cows to correct for possible confounding by cow effect. Results presented in this paper and results obtained by Hogan et al. (1988) are based on observational studies without correction for cow or quarter effects.
Phase of study is a significant predictor variable for the number of new IMI with Strep. uberis, with lower transmission parameters during the late phase of the observation period. Observational data are best de-scribed by the model when a dummy for postoutbreak period is included, starting with interval 16 as the first postoutbreak interval. A similar result has been found by Lam et al. (1996) for an outbreak of Staph. aureus mastitis. Significance of study phase can be interpreted as a change in transmission parameter β at the end of the disease outbreak. This change may be due to a change in infectiousness of infected quarters or a change in susceptibility of exposed individuals (Halloran, 1998) . Theoretically, a change in infectiousness could be caused by a change in shedding levels, or a change in pathogen population at the subspecies level. In our study, shedding levels did not differ between the early and late phase of the observation period. Lam et al. (1996) postulated that a change in susceptibility of exposed individuals may be the result of immunity developed after short duration IMI. In their study, short duration IMI could go unnoticed as a result of the sampling scheme. In the present study, sampling was more frequent, and samples that contained >1000 cfu/ml only once were considered to be infected to improve detection of short duration IMI. Still, short-duration IMI that occurred between samplings may have gone unnoticed. Development of immunity in response to short duration IMI would be in disagreement with the increased susceptibility in recovered quarters observed in this study, unless short-duration IMI and long-term IMI have different pathogenesis and cure mechanisms.
A change in transmission rates could also be the result of a change in herd contact structure or a change in probability of transmission upon contact (Halloran, 1998) . Segregation of animals is an example of a management strategy that reduces contact between individuals. Postmilking teat disinfection (PMTD) is an example of a control procedure that reduces the probability of infection after contact. In the study herd, segregation of animals was used temporarily. Most Strep. uberis infected cows were housed separately and milked last for 6 wk (10 out of 14 animals). Separation of animals violates the assumption of random mixing underlying the Reed-Frost and Greenwood model. However, this change in management was temporary, and took place several weeks after the end of the outbreak period. Hence, it does not explain or affect a change in transmission at the end of the outbreak itself. PMTD was used during intervals 1 to 6 and 16 to 19, but discontinued during intervals 7 to 15 and 20 to 26 (exact dates unknown). When added to model [3] , PMTD was a significant predictor variable (P < 0.01) and did not affect significance or direction of effect of other predictor variables. Use of PMTD reduced transmission parameter β. PMTD may have contributed to the end of the outbreak.
Journal of Dairy Science Vol. 84, No. 3, 2001 In all models used for calculation of transmission parameters, the number of infected quarter-days in the preceding 3-wk interval was a significant predictor variable, with higher exposure to shedders predicting higher numbers of new IMI. This implies that the ReedFrost assumption is more appropriate than the Greenwood assumption and suggests that Strep. uberis can behave as a contagious pathogen. Although this may seem contrary to the prevailing classification of Strep. uberis as an environmental pathogen, several authors include the option of contagious transmission when describing environmental streptococci (Leigh, 1999; Neave et al., 1969) .
The characteristic setting environmental pathogens apart from contagious pathogens is that in addition to the possibility of contagious transmission through exposure during milking time, there can be noncontagious transmission at other times and through exposure to other sources than the milking process. The present study and other studies provide several arguments in favor of contagious transmission, in addition to environmental transmission. Arguments in favor of contagious transmission from this study include the significance of infection prevalence as predictor for the number of new IMI, and the decrease in predicted number of new IMI during periods that PMTD was used. PMTD is thought to kill bacteria that are transmitted during the milking process, e.g., via teat cup liners, and thus reduce the incidence of IMI. For Staph. aureus, transmission via contaminated teat cup liners has been described (O'Shea, 1987) . Using liner swabs, we detected Strep. uberis in teat cup liners after milking of Strep. uberis shedding cows, and after milking of up to two nonshedding cows following a shedding cow (data not shown). This indicates that transmission of Strep. uberis via teat cup liners is possible, which may explain part of the effect of PMTD. An outbreak of Strep. uberis mastitis described by Cattell (1996) also illustrates the role of infected quarters as a source of infection.
Other observations in our study are in agreement with an environmental mode of transmission. Four Strep. uberis infections were observed in nonlactating animals, out of which three were heifers. Heifer mastitis is a well-known phenomenon (Oliver et al., 1983) . Because heifers have not been exposed to the milking machine, contagious transmission during the milking process cannot explain infections in preparturient mammary glands. One possible source of exposure to mastitis pathogens in the environment is bedding material. Cows in this study were housed in a free stall with wood shavings for bedding. In wood-based materials Gram-negative bacteria tend to predominate over Gram-positive bacteria (Rendos et al., 1975) , but numbers of Strep. uberis in bedding can increase with in-creased organic contamination (Hogan et al., 1989b) . Bedding management may have played a role in this outbreak of Strep. uberis mastitis, but attempts to culture Strep. uberis from wood shavings were unsuccessful (results not shown) and the role of bedding material cannot be proven.
The middle ground between the so-called contagious and environmental modes of transmission exists. The fact that a model including the number of infected individuals describes incidence data better than a model without the number of existing IMI does not prove a causative role of infected individuals, nor a specific mechanism of transmission. This is an inherent limitation of mathematical models (De Jong, 1995) . It is possible that the number of infected quarters merely reflects unobserved changes in environmental conditions or exposure to an increasing and then decreasing environmental Strep. uberis load. It is also possible that infected quarters themselves are indeed the main source of exposure, but that transmission takes place via the environment, e.g., when infected cows contaminate stalls through milk leaking. Another transmission mechanism could be via flies, as shown for Staph. aureus by Owens et al. (1998) . If cows are the major source of exposure, but transmission is not via the milking process, the dynamics of Strep. uberis infections at herd level can not be classified in the traditional "contagious" versus "environmental" dichotomy.
In principle, strain typing of Strep. uberis isolates could support or contradict the notion of contagiousness. Thus, mathematical and molecular techniques could supplement each other in the approach of an epidemiological problem. Many techniques have been used for typing of strains within the species Strep. uberis (Jayarao et al., 1992; Leigh, 1999) and a wide variety of strains has been shown to cause intramammary infections. In the case of contagious transmission, all IMI that are part of an outbreak should be attributable to a limited number of strains. Not all isolates from this outbreak were available for strain typing. However, if strain typing in future outbreaks would show that isolates belong predominantly to one or a few strains, we can agree with Cattell's suggestion (1996) that Strep. uberis, like Strep. dysgalactiae (Smith et al., 1993) , can be characterized as intermediate between contagious and environmental. 
CONCLUSION
